Certain amino acids, and cysteine in particular, promptly blocked toxin expression in Clostridium difficile strain VPI 10463 when added to late-exponential-phase peptone-yeast cultures, i.e. prior to normal induction of toxins A and B. Glucose reduced toxin yields by 80-fold, but only when supplemented at inoculation. Forty upregulated C. difficile proteins were identified during maximum toxin expression, and most of these were enzymes involved in energy exchange, e.g. succinate, CO/folate and butyrate metabolism. Transcription of tcdA (toxin operon) and folD (CO/ folate operon) was induced by 20-and 10-fold, respectively, and with strikingly similar kinetics between OD 0.8 and 1.2. The sigma factors tcdR and sigH were upregulated simultaneously with tcdA and folD (3.5-fold increase of mRNA level), whereas transcription of tcdC, codY, sigB and sigL showed little or no correlation with that of tcdA and folD. The results suggest a connection between toxin expression, alternative energy metabolism and initial sporulation events in C. difficile.
INTRODUCTION
Clostridium difficile causes antibiotic-associated diarrhoea and pseudomembranous colitis through the production of its toxins, A and B (Poxton et al., 2001) . Toxin synthesis is normally upregulated during entry into the stationary growth phase in tryptone/peptone-yeast media (Dupuy & Sonenshein, 1998; Karlsson et al., 1999) , and is associated with the induction of many other C. difficile proteins that are repressed together with the toxins by the presence of glucose, cysteine and proline (Karlsson et al., 2000) . In addition, arginine, glutamine, biotin and carbonate influence toxin production, further supporting a link between carbon/amino acid metabolism and toxin production (Ikeda et al., 1998; Karasawa et al., 1997; Karlsson et al., 1999; Maegawa et al., 2002; Yamakawa et al., 1996 Yamakawa et al., , 1998 .
The sigma factor TcdR encoded by the C. difficile pathogenicity locus (PaLoc) activates the transcription of the toxin genes tcdA and tcdB, but also tcdR itself from one of its two promoters (Dupuy & Sonenshein, 1998; Karlsson et al., 2003; Mani & Dupuy, 2001; Mani et al., 2002) . This positive autoregulation indicates that other elements downregulate tcdR transcription or TcdR activity to keep C. difficile toxin production low during unrestricted growth (i.e. when nutrients such as glucose or cysteine are in excess). Indeed, another PaLoc product, TcdC, has been shown to suppress toxin A expression in a Clostridium perfringens model system by interaction with TcdR (Matamouros et al., 2007) . Moreover, all PaLoc genes are induced in a codY knockout mutant (Dineen et al., 2007) , and purified CodY binds to the promoter region of tcdR; this binding is enhanced by the presence of GTP and branched-chain amino acids (BCAAs). CodY is a repressor that regulates many genes in Bacillus subtilis and other Gram-positive bacteria, acting as a sensor for energy (GTP) and/or BCAAs (Guedon et al., 2001; Molle et al., 2003; Petranovic et al., 2004; Ratnayake-Lecamwasam et al., 2001; Serror & Sonenshein, 1996b; Shivers & Sonenshein, 2004) . However, the control of toxin expression in C. difficile appears to be more complex, since glucose downregulates toxin production in the codY mutant also (Dineen et al., 2007) . The mechanism of this apparent CodY-independent but yet nutrient-sensing pathway to control toxin production is not known. Moreover, glucose has the opposite effect on toxin production in defined media (Karlsson et al., 1999) . Here, we sought to identify additional genes and intracellular processes associated with toxin production in C. difficile. The results expand the knowledge of C. difficile metabolism and toxin production (Karlsson et al., 2000 (Karlsson et al., , 2003 , and are discussed in relation to global regulators in other Gram-positive bacteria.
METHODS
Strains, media, growth conditions and toxin measurements. C. difficile strain VPI 10463 (CCUG 19126) was used in all experiments. Four peptone-yeast (PY) media were used (nutrient additions indicated in parentheses): PY 0 , PY 10 (10 mM cysteine), PY 0 G (0.9 %, w/v, glucose) and PYG (4.1 mM cysteine, 0.9 % glucose). To obtain reproducible results, C. difficile was grown exponentially (unrestricted growth) for at least 10 cell doublings before the start of sampling; i.e. a small inoculum was used in all experiments (10 6 -fold dilution from an overnight culture). Nutrient shift was performed by adding 1 ml pre-reduced PY (37 uC) containing the compounds indicated in Fig. 1 to 19 ml C. difficile culture (OD~0.8). For 2D PAGE analysis, 2.5 ml culture aliquots were collected at OD 600 0.2, 0.5, 0.8 and 1.2, and after 24 h in PY 0 , PY 10 and PYG, each in triplicate (i.e. 45 samples). One millilitre was used to determine the toxin yield (intra-and extracellular toxin), and the remaining 1.5 ml was used for protein extraction (see below). Bacteria were pelleted by centrifugation at 16 000 g for 3 min, washed in PBS and stored at 270 uC. For quantitative real-time PCR (qRT-PCR) analysis, 0.5 ml culture aliquots collected at ODs between 0.2 and 1.3 were mixed with 1 ml RNAprotect Bacteria Reagent (Qiagen) and centrifuged for 10 min; the supernatant was removed and pellets were stored at -70 uC until RNA extraction (below). For details regarding the preparation of growth media, dilutions, culture conditions and toxin determination see Karlsson et al. (1999 Karlsson et al. ( , 2000 .
Protein extraction and 2D PAGE. A detailed 2D PAGE procedure is described in Karlsson et al. (2000) . In brief, frozen cells were thawed, suspended in 1 ml ice-cold MilliQ water and disrupted by sonication (26 30 s, 100 W, Labsonic 1510, B. Braun), whereafter cellular debris was removed by centrifugation (16 000 g, 10 min, 4 uC). After mixing protein samples with 2D PAGE buffer, 20 mg protein was applied on the 2D focusing gel strip. For preparative samples, cell pellets from 20-40 ml culture were sonicated for 106 60 s, and proteins were precipitated (10 %, w/v, TCA, 0 uC, 45 min), pelleted (21 000 g, 20 min, 4 uC), washed three times in 90 % ice-cold acetone, dissolved in buffer containing 0.3 % (w/v) SDS and 200 mM DTT, vortexed for 60 min, heated for 5 min at 90 uC and finally resuspended 1 : 4 (v/v) in 2D PAGE buffer. Non-dissolved material was pelleted (38 000 g, 20 min, 20 uC) before application of 0.4 mg protein (soluble fraction) on the 2D focusing gel strips. Analytical gels were stained with silver and dried, whereas preparative gels were stained with BioSafe Coomassie (Bio-Rad). At least two spots of each protein taken from independent gels were used for identification.
Analysis of differentially expressed proteins. Gels were scanned (Scanjet 3c/T, Hewlett Packard) and imported in raw format into PDQuest 7.01 (Bio-Rad). All images were cropped, filtered prior to spot detection and assembled to three match sets each representing all 15 culture samples (five time points per culture). Each set was matched and normalized with the valid spot intensity method and Fig. 1 . Optical density (#) and toxin levels (&) of C. difficile VPI 10463 growing in PY 0 supplemented with 1 ml PY 0 (a, control) or 1 ml PY 0 containing the indicated compounds (b-e) at OD 600~0 .8 (the numbers indicate final concentrations). In (d), the concentrations were as follows (mM): Cys (4.1), Gly (1.3), Ile (2.3), Leu (3.0), Met (1.3), Pro (2.6), Thr (1.7), Trp (0.49) and Val (2.6) (see Karlsson et al., 1999) . Toxin levels were calculated as A 420 (EIA of toxins A+B) per microgram protein and then normalized to the PY 0 control culture (51.0 at time zero). Results represent mean±SEM of three independent experiments. Rif, rifampicin. assembled to a high-level master. This master was used to analyse protein expression differences between growth phases and growth media representing high and low toxin-production conditions. To calculate the molecular mass and pI of each spot, a few C. difficile protein spots were used as internal markers (Supplementary Table S2 ).
Protein digestion and MALDI-TOF MS. Protein digestion was performed using the Montage In-Gel Digestion kit and a vacuum manifold unit (Millipore). Briefly, Coomassie-stained spots were excised and de-stained in ammonium bicarbonate buffer with an increasing percentage of acetonitrile before a final dehydration with 100 % acetonitrile. Proteins were digested with trypsin overnight at 30 or 37 uC for 3 h. The peptides were extracted from the gel and captured on the C 18 resin of the ZipPlate 96-well microtitre plate (Millipore). Peptides were eluted by centrifugation in 3.5 ml 0.1 % trifluoroacetic acid and 50 % acetonitrile. Finally, 1-2 ml of the eluted peptides was loaded on an Anchor-Chip plate (Bruker Daltronics) and covered by 1 ml matrix solution (a-cyano-4-hydroxycinnamic acid). Peptide mass mapping of tryptic peptides was performed using a Bruker Daltronics Reflex IV apparatus equipped with a nitrogen laser (337.1 nm) operated in a reflective positive mode. Spectra calibration was performed by use of the internal trypsin fragments 842.5 and 2211.1 Da and a 1000-4000 Da peptide calibration standard (Bruker Daltronics). C. difficile proteins were identified by using the MASCOT peptide mass fingerprint software at http:// www.matrixscience.com/.
RNA extraction and qRT-PCR. RNA was extracted using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. cDNA was synthesized using random hexamer primers (High Capacity cDNA Reverse Transcription kit, Applied Biosystems) and qRT-PCR was performed using the Power SYBR Green assay on an ABI7500 cycler employing primers designed using Primer Express 3.0 (Supplementary Table S1 ). Melting standard curves using twofold dilutions of template were performed as a control for PCR efficiency and mispriming. PCR was done in triplicates of duplicate cultures (PY 0 ) or a single culture (PY 10 
RESULTS
Glucose and amino acids affect C. difficile toxin synthesis differently C. difficile toxin synthesis was induced during entry into stationary phase in PY 0 cultures (Fig. 1a) and the presence of 0.9 % glucose in the inoculum strongly reduced the toxin yields: 30 U ml 21 in PY 0 G versus 2370 U ml 21 in PY 0 at 24 h (not shown; see also PYG versus PY 0 in Fig. 2) . In contrast, glucose had a small impact on reducing toxin production when added to PY 0 cultures prior to entry into stationary phase (Fig. 1b) , whereas the addition of cysteine promptly blocked further toxin synthesis (Fig. 1c) . Cysteine also reduced the growth rate and growth yield of C. difficile, possibly due to an abrupt change of the oxidationreduction potential. Nevertheless, the nine amino acids originally found to reduce toxin production had the same effect as cysteine but without any change in growth rate (Fig. 1d) . Blocking RNA transcription showed that preformed toxin was stable (Fig. 1e) . The ambiguous result with glucose suggested that its effect was indirect or that glucose uptake was diminished prior to entry into stationary phase.
Induction of toxin synthesis is associated with utilization of alternative energy sources
Growth of C. difficile was similar in PY 0 , PY 10 and PYG (Fig. 2a) and, as expected, toxins A and B were induced only in PY 0 (Fig. 2b) . A total of 1522, 1345 and 1688 protein spots were found by 2D PAGE during growth in PY 0 , PY 10 and PYG, respectively. About 130 spots were identified, yielding 94 proteins (Supplementary Table S2 , Supplementary Fig. S1 ). Of these proteins, 40 were upregulated under high toxin-producing conditions, i.e. in PY 0 , and many of the corresponding genes mapped closely to each other on the C. difficile chromosome, forming putative operons (Supplementary Table S2 ). One such operon (CD2339-CD3242) encodes enzymes for ATP generation via succinate/butyrate metabolism, e.g. 4-hydroxybutyrate CoA transferase (Fig. 2c ). CD0717-CD0727 contained genes involved in folate and CO metabolism, e.g. carbon monoxide dehydrogenase/acetylCoA synthase (Fig. 2d) . A majority of the genes in the latter cluster showed high similarity to ORFs in Alkaliphilus metalliredigenes and, to a lesser extent, to ones found in Carboxythermus hydrogenoformans and Moorella thermoacetica (not shown). Tetrahydrofolate is involved in numerous reactions, e.g. synthesis of purines and methionine, and together with carbon monoxide dehydrogenase/ acetyl-CoA synthase also in the synthesis of acetyl-CoA from CO (Ljungdahl, 1986; Wood et al., 1986) . Two more clusters with an apparent link to ATP generation and butyrate formation were CD0112-CD0118 and CD1054-CD1059 (Fig. 2e, Supplementary Table S2 ). Other enzymes upregulated in PY 0 were involved in cysteine biosynthesis (Fig. 2f, g ) and fermentation of amino acids, e.g. proline ( Fig. 2h) , glycine (CD2354), leucine (CD0394-CD0399; Kim et al., 2005) and aromatic amino acids (CD2828). The D-proline and glycine reductases are typical components of the 'Stickland reaction', by which C. difficile and other clostridia use amino acids as fuel by pair-wise fermentation (Gottschalk, 1986; Jackson et al., 2006; Stadtman & Elliot, 1957) . Interestingly, we also identified a putative dualspecificity prolyl/cysteinyl-tRNA synthetase that was upregulated in PY 0 (Fig. 2i) . Its gene was encoded among glutamyl-, prolyl-and cysteinyl-tRNA synthetases, and its upregulation may reflect a shortage of cysteine, proline or both.
Two rubrerythrin/rubredoxin Fe(Cys) 4 -like proteins were upregulated in PY 10 (CD1474 and CD1524; Supplementary Table S2 ). The corresponding chromosomal genes were nearly identical and clustered together with genes encoding other iron-sulphur proteins or ABC transporters in each of two operons. In addition, the F 0 F 1 ATP synthase b subunit (CD3468) and several chaperones (CD0193, CD0194 and CD2461) were induced in PY 10 . Enzymes such as glyceraldehyde-3-phosphate dehydrogenase (CD3174) and fructose bisphosphate aldolase (CD0403) were more abundant in PYG, indicating an upregulation of the glycolytic pathway (Supplementary Table S2 ).
Coordinated transcription of tcdA, folD, tcdR and sigH
To confirm and refine the expression kinetics of genes of particular interest, mRNA levels of tcdA, folD (CD0720 in the CO/folate operon), the toxin operon control genes tcdR and tcdC, and the global regulators codY, sigH, sigL and sigB were followed during induction of the C. difficile toxins. The growth rates of the PY 0 and PY 10 cultures were nearly identical (Fig. 3a) . Transcription of tcdA was abruptly induced at OD 0.7 in PY 0 but not in PY 10 (Fig.  3b) , and folD expression parallelled that of tcdA (Fig. 3c) . At this time also, the mRNA levels of tcdR and sigH increased (by 3.5-fold), while minor variations in expression were observed for tcdC, codY, sigL and sigB (Fig. 3d-i ). The precise timing of transcription of tcdA, tcdR, folD and sigH in PY 0 suggests a common regulator for these genes.
DISCUSSION
The nitrogen regulons in Gram-positive bacteria include at least three global regulators, GlnR, TnrA and CodY (Fisher, 1999) , but the sequenced clostridial species do not contain ORFs with high similarities to B. subtilis GlnR or TnrA. In contrast, C. difficile (and other clostridia) encodes a CodY homologue in its genome (55 % similarity to CodY in B. subtilis). The global repressor CodY is deactivated by low intracellular concentrations of GTP and/or BCAAs (i.e. isoleucine, leucine and valine), leading to induction of genes involved in histidine utilization, synthesis of isoleucine/valine, motility and competence (see Introduction). C. difficile CodY was recently found to bind to the promoter of the toxin-specific sigma factor tcdR and block expression of all PaLoc genes in C. difficile strain 630 (Dineen et al., 2007) , but several observations imply a more complex control network: (i) glucose downregulates toxin production in the codY mutant also (Dineen et al., 2007) , implying that the toxin genes must be controlled by yet another nutrient-sensing regulator. This regulation is most likely not due to glucose-mediated catabolite repression of the toxin operon (Karlsson et al., 1999) . (ii) The amino acids cysteine and proline, which efficiently downregulate toxin production (Karlsson et al., 2000) , are not known to be direct effectors of CodY. One of the known effectors, isoleucine, has even been found to induce toxin production in C. difficile strain VPI 10463 (Ikeda et al., 1998) , a result that may be explained by the high rate of cysteine depletion under these conditions. (iii) We observed a coordinated transcription of tcdA, folD, tcdR and sigH. In B. subtilis, sigH is controlled by the transition state repressor AbrB (see below). (iv) Similar to tcdR, the negative regulator of toxin expression tcdC had a putative CodY binding site at its promoter and was induced together with the other PaLoc genes in the C. difficile codY mutant (Dineen et al., 2007) . Although the level of tcdC induction was apparently lower than for the other PaLoc genes, it was not consistent with the opposite transcription pattern of tcdC found in C. difficile strain VPI 10463 (Hundsberger et al., 1997) . We observed only small changes of tcdC mRNA level in strain VPI 10463 during induction of tcdA and tcdR (Fig. 3) . However, the expression patterns of tcdR and tcdC were more divergent in PY 0 compared to that in PY 10 , indicating that these genes were regulated differently in the two media.
The complexity of toxin regulation in C. difficile is underscored by the observation that arginine limitation induces toxin production in a few isolates (Karasawa et al., 1997) , and that the excessive toxin production during biotin limitation is abolished by adding glutamate/ glutamine (Yamakawa et al., 1998) . In B. subtilis, glutamate and glutamine are key amino acids involved in both the synthesis of other amino acids and the TCA cycle intermediate 2-oxoglutarate, providing a link between nitrogen and carbon metabolism (Sonenshein, 2007) . However, an amino acid analysis of culture supernatants revealed that neither arginine nor glutamate/glutamine was significantly consumed by strain VPI 10463, regardless of the medium tested, whereas the BCAAs were preferentially used in PY 0 and PY 10 but conserved in PYG cultures (S. Karlsson and others, unpublished results) .
Several proteins induced in PY 0 were encoded in operons containing RpoN-dependent transcriptional activators, e.g. CD0394-CD0397 and CD2380, suggesting that sigLdependent genes are induced under high toxin-producing conditions. Sigma factors of the RpoN family are known to regulate chemotaxis, electron transport, other alternative sigma factors, virulence and nitrogen metabolism (Buck et al., 2000; Merrick, 1993) . For example, transcription of isoleucine/leucine utilization genes and butyrate kinase is dependent on SigL (Debarbouille et al., 1999) , and glucose downregulates sigL transcription in a roadblock manner via catabolite repression/CcpA in B. subtilis (Choi & Saier, 2005) . A regulation of such genes by catabolite repression in C. difficile is in accord with the reduced uptake of BCAAs in PYG medium (S. Karlsson and others, unpublished results; see above). However, expression of apparent SigL-dependent genes usually preceded toxin induction, and the C. difficile sigL and tcdR transcript levels were not consistently correlated (see Fig. 3 ). We found a more apparent coexpression for tcdR and sigH. SigH (Spo0H) is among the first proteins expressed during B. subtilis sporulation and is transcriptionally regulated by the transition state repressor AbrB (Weir et al., 1991) . CodY and AbrB regulons may also overlap, since both these repressors have been found to bind the dipeptide permease (dpp) promoter sequence in B. subtilis (Serror & Sonenshein, 1996a) . It is interesting to note that toxin synthesis in Bacillus anthracis is regulated by AbrB and SigH, and, similar to C. difficile, induced by elevated carbonate concentrations in the medium (Hadjifrangiskou et al., 2007; Karlsson et al., 1999) . In conclusion, the results presented here further support the hypothesis that glucose acts indirectly by preventing exhaustion of certain amino acids that in turn signal induction of C. difficile toxin synthesis (Karlsson et al., 1999) , and that cysteine has a profound impact on both metabolism and toxin production in C. difficile. Our data also showed a transcriptional coordination among C. difficile tcdR/tcdA, folD and sigH. Although regulation of folD and sigH by CodY cannot be ruled out, current data indicate that additional global regulators, e.g. the transition state regulator AbrB (Mani et al., 2002) , are involved in coordinating C. difficile toxin expression, alternative metabolism and early sporulation events.
